The 55-kilobase plasmid, pLS20, of Bacillus subtilis (natto) 3335 promotes transfer of the tetracycline resistance plasmid pBC16 from B. subtilis (natto) to the Bacillus species B. anthracis, B. cereus, B. Iicheniformis, B. megaterium, B. pumilus, B. subtilis, and B. thuringiensis. Frequency of pBC16 transfer ranged from 2.3 x 10 6 to 2.8 x 10-3. Evidence for a plasmid-encoded conjugationlike mechanism of genetic exchange includes (i) pLS20+ strains, but not pLS20-strains, functioned as donors of pBC16; (ii) plasmid transfer was insensitive to the presence of DNase; and (iii) cell-free filtrates of donor cultures did not convert recipient cells to Tcr. Cotransfer of pLS20 and pBC16 in intraspecies matings and in matings with a restriction-deficient B. subtilis strain indicated that pLS20 was self-transmissible. In addition to mobilizing pBC16, pLS20 mediated transfer of the B. subtilis (natto) plasmid pLS19 and the Staphylococcus aureus plasmid pUB110. The fertility plasmid did not carry a selectable marker. To facilitate direct selection for pLS20 transfer, plasmid derivatives which carried the erythromycin resistance transposon Tn917 were generated. Development of this method of genetic exchange will facilitate the introduction of plasmid DNA into nontransformable species by use of transformable fertile B. subtilis or B. subtilis (natto) strains as intermediates.
Previous reports from our laboratory have described systems for plasmid transfer in and among strains of Bacillus anthracis, Bacillus cereus, and Bacillus thuringiensis. CP-51-mediated transduction and matings employing self-transmissible plasmids from B. thuringiensis facilitate plasmid transfer among these three Bacillus species (1, 15, 21) . However, these genetic exchange systems are not suitable for plasmids constructed in vitro or those carried by strains outside the host range of CP-51 and the B. thuringiensis fertility plasmids. Therefore, a plasmid-encoded mating system has been developed for transfer of plasmid DNA from the readily transformable Bacillus species, B. subtilis and B. subtilis (natto), to B. anthracis and other Bacillus species for which efficient transformation systems have not been developed.
B. subtilis (natto) strains contain a variety of endogenous plasmids. In 10 of 15 strains screened by Tanaka and Koshikawa (17) , one or more plasmids ranging from 5.4 to 69 kilobases (kb) were found. Strain 3335 harbors a 54.65-kb plasmid, pLS20, and a 5.4-kb plasmid, pLS19. pLS19 has been reported to be associated with polyglutamate production in this species (8) (9) (10) . The function of pLS20 in strain 3335 has not been determined previously. pLS20 or other plasmids of similar size are present together with 5.4-kb or 6.0-kb plasmids in B. subtilis (natto) strains. To account for the array of plasmid profiles in various B. subtilis (natto) isolates, Tanaka and Koshikawa (17) suggested that plasmids may be transferred between strains by some unknown mechanism. B. subtilis (natto) strains are isolated from a vegetable cheese prepared by fermentation of boiled soybeans. Thus, during fermentation cells have the opportunity for contact. These considerations, plus reports by Carlton and Gonzalez (3) and findings in our own laboratory (1, 13) demonstrating the presence of large self-transmissible plasmids in B. thuringiensis, prompted investigation of a possible role of pLS20 in mating.
MATERIALS AND METHODS
Strains. The bacterial strains used in this study and their relevant characteristics are listed in Table 1 .
Media. Brain-heart infusion (BHI) broth contained 37 g of BHI (Difco Laboratories, Detroit, Mich.) per liter. L broth and peptone diluent have been described previously (20) . LG medium was prepared by adding 0.1% glucose to L broth. To test for auxotrophic markers of transcipients, the minimal media MinI (18) and MinIC (1) were supplemented as appropriate with the required amino acids, purines, or pyrimidines at a concentration of 40 ,ug/ml. Biotin (0.1 ,ug/ml) was added to minimal media for growth of B. subtilis (natto). Sucrose-glutamate (SG) medium for polyglutamate production by B. subtilis (natto) was prepared as described by Hara et al. (9) . For solid medium, 15 g of agar (Difco Laboratories) was added per liter of the appropriate broth. Antibiotics were used at the following concentrations unless otherwise noted: chloramphenicol, 5 ,ug/ml; erythromycin, 1 ,ug/ml; lincomycin, 25 ,ug/ml; neomycin, 10 ,ug/ml; rifampin, 10 ,ugIml; streptomycin, 500 ,ug/ml; and tetracycline, 25 ,ug/ml. tration of 2.5 mg/ml, and cells were incubated in a 37°C water bath for 45 min. The resulting protoplasts were lysed by adding 2 ml of lysis buffer prepared by adding 3 g of sodium dodecyl sulfate and 5 ml of 3 N NaOH to 100 ml of 15% (wt/vol) sucrose in 0.05 M Tris-hydroxide. The tubes were inverted rapidly 20 times, and the suspensions were incubated at 60°C for 30 min. Lysates were chilled briefly on ice, and after the addition of 0.5 ml of 2 M Tris (pH 7.0), they were extracted with phenol-chloroform (1:1, vol/vol). Extracts were analyzed by agarose gel electrophoresis as described previously (6) .
To obtain B. subtilis plasmid DNA extracts containing less chromosomal DNA and thus suitable for restriction endonuclease analysis, the above procedure was used with the following changes. Protoplasts were incubated in 3 ml of lysis buffer for 45 min. After extraction, plasmid lysates were concentrated by ethanol precipitation. DNA was resus- 10 ,ug of DNase.
Test for effect of induced donor filtrates. Donor cells were grown in 250-ml flasks containing 25 ml of BHI broth at 37°C on a rotary shaker (250 rpm). A 10% transfer culture from 14-h cells was incubated for 2 h before induction. A 2.5-ml amount of the culture was transferred to 22.5 ml of BHI broth, and mitomycin C was added to a final concentration of 0.4 jig/ml. For induction by UV light, 5 ml of the 10% transfer culture was treated with UV irradiation (19) for 60 s and then transferred to 20 ml of BHI broth. Mitomycin Cand UV-treated cultures were incubated for 2 h before filtering through Millipore HA membranes. The filtrate (1 ml) was then mixed with 1 ml of the recipient culture, and 0.1-ml samples were spread onto membranes.
Fertility screening. A replica plate mating technique was used to screen large numbers of transcipients for fertility.
Colonies of transcipients to be tested were picked to BHI agar to form master plates. These were incubated for 16 to LG agar containing erythromycin (1 ,ug/ml), lincomycin (10 ,ug/ml), and rifampin (10 ,ug/ml). Colonies were scored after 3 days, and transcipients were streaked for single-colony isolation.
RESULTS
Plasmid content of B. subtilis (natto) strains. B. subtilis (natto) strain 3335 harbors the 5.4-kb plasmid pLS19 and the 54.6-kb plasmid pLS20. Figure 1A shows agarose gel electrophoresis of plasmid lysates of strain 3335 and some derivatives generated in our laboratory. The spontaneously cured isolate, UM4, carried only pLS20. The 4.2-kb tetracycline resistance plasmid pBC16 (2) was introduced into UM4 by transformation to yield the Tcr strain UM8. B.
subtilis (natto) UM24 was cured of all plasmids. Transfer of pBC16. B. subtilis (natto) strains were tested for the ability to transfer plasmid pBC16 in intraspecific and interspecific matings. Figure 1B shows agarose gel electrophoresis of plasmid DNA from donor, recipient, and transcipient strains from matings with cured B. subtilis (natto) and B. anthracis recipients. When B. subtilis (natto) UM8(pLS20, pBC16) was mated with B. subtilis (natto) UM24, 1.7 x 104 Tcr transcipients were obtained. All of 16 Tcr transcipients examined acquired pBC16. Seven of these transcipients also acquired pLS20 from the donor. Tcr pBC16+ transcipients were also obtained in a mating with B. anthracis UM23C1-2 as the recipient. However, cotransfer of pLS20 to B. anthracis was not observed in these matings. Cotransfer of pLS19 and pBC16. In addition to mediating transfer of pBC16, pLS20 promoted transfer of the 5.4-kb plasmid pLS19 of B. subtilis (natto) 3335. Since it was not possible to select for pLS19 transfer, we looked for cotransfer of the plasmid with pBC16. B. subtilis (natto) UM31 harboring pLS20, pLS19, and pBC16 was mated with a cured strain of B. subtilis (natto), B. anthracis, and various B. subtilis strains. Tcr transcipients were examined for plasmid content by plasmid extraction. Figure 2 shows the plasmid profiles of the donor strain, the B. subtilis (natto) recipient, UM24, and three representative transcipients. (Table 4 ). The numbers of Tcr transcipients per ml obtained in these matings were comparable to those obtained when a B. subtilis (natto) donor was mated with these species (Table  2) .
B. subtilis PSL1 JM12 was cured of pBC16 and transformed with the neomycin resistance plasmid pUB110 (7) . The resulting strain, PSL1 UM11, was tested as a donor of this plasmid. This donor transferred pUB110 at frequencies similar to those for pBC16 transfer (Table 4) . Plasmid extractions of eight Nmr transcipients from each mating confirmed the acquisition of pUB110.
Isolation of pLS20::Tn917 derivatives. A B. subtilis transcipient carrying pLS20 and pBC16 was transformed with the transposition selection vector pTV1. This 12.4-kb plasmid contains the Streptococcus faecalis transposon Tn917, which carries an erythromycin-inducible gene for MLS resistance. Plasmid pTV1 also carries a chloramphenicol resistance determinant and is temperature sensitive for replication (24) . B. subtilis PSL1 UM3(pLS20, pBC16, pTV1) was induced for transposition of Tn917 by growing cells in the presence of erythromycin and lincomycin at 48°C, a temperature nonpermissive for replication of pTV1. The induced culture was then mated with B. subtilis IG-20 UML. Since this recipient had been found to acquire pLS20 at a very low frequency (Table 3) , selection for MLSr transcipients facilitated isolation of transcipients which had acquired a transposon-tagged plasmid. At the time of mating, the donor culture contained 1.5 x 107 MLSr CFU/ml and 1.1 x 103 Cmr CFU/ml, indicating a 99.99% loss of pTV1. Four MLSr transcipients were obtained: B. subtilis IG-20 UM4, IG-20 UM5, IG-20 UM6, and IG-20 UM7. All of these were Cms, indicating that pTV1 had not been transferred. Figure 3 shows the plasmid profiles of the PSL1 donor, the IG-20 recipient, and one of the resulting transcipients, B. subtilis IG-20 UM6. Plasmid extractions revealed that each of the MLSr transcipients carried a high-molecular-weight plasmid which comigrated with pLS20. These plasmids have been designated pXO501, pXO502, pXO503, and pXO504. Two of the isolates, IG-20 UM6 and IG-20 UM7, had also acquired pBC16 and were Tcr.
Transfer of pLS20::Tn917 derivatives. The B. subtilis IG-20 MLSr transcipients UM4(pXO501), UM5(pXO502), UM6(pXO503, pBC16), and UM7(pXO504, pBC16) were tested for the ability to transfer MLS resistance by mating. Each of the isolates was fertile (Table 5 ). In matings with B. subtilis 168 UM21, the number of MLSr transcipients per ml ranged from 2.0 x 102 to 1.0 x 103. carrying the unmarked plasmid was tested ( Table 5) . Cotransfer of the high-molecular-weight plasmids pXO503 and pXO504 was observed, and all of these transcipients were MLSr.
These results indicate that the erm gene of Tn917 can serve as a selectable marker on pLS20, and we can now select directly for transfer of the fertility plasmid. One of the Tn917-carrying pLS20 derivatives, pXO503, was chosen for further study. This plasmid was transferred from B. subtilis 168 UM42 to B. anthracis UM23C1-2 by selecting for MLSr transcipients. The Fig. 4A and Table 6 , the pXO503 digest did not contain a 4.1-kb fragment (no. 5) found in the pLS20 digest. However, a larger fragment (no. 1A, 9.25 kb) appeared in the digest of pXO503. The difference in size of the two fragments corresponds to the size of Tn9O7.
The EcoRI-digested DNA was transferred after electrophoresis to a nylon membrane and hybridized with 32p-labeled pTV1 DNA. The autoradiograph (Fig. 4B) shows that pTV1 DNA hybridized with the altered band in the (12) . Therefore, pLS20-mediated transfer of pUB110 was not unexpected. We have also observed cotransfer of the B. subtilis (natto) plasmid pLS19 with pBC16 in intraspecific and interspecific matings. These results suggest that mating may be a mechanism for the natural dissemination of plasmids among B. subtilis (natto) strains.
Thus far, attempts to transfer the constructed plasmids pTV1 and pTV24 (23) in pLS20-mediated matings have been unsuccessful. We have also tested for transfer of the naturally occurring S. aureus plasmids pC194 (7) and pE194 (22 pLS20 is the first reported example of a fertility plasmid in a Bacillus species other than B. thuringiensis. Many Bacillus species contain a number of endogenous plasmids whose physiological roles have not been determined. It is possible that plasmids analogous to pLS20 and the conjugative B. thuringiensis plasmids are ubiquitous.
